Despite the explosion of metagenomic sequencing data, using -omics data to predict environmental biogeochemistry remains a challenge. One or a few genes (referred to as marker genes) in a metabolic pathway of interest in meta-omic data are typically used to represent the prevalence of a biogeochemical reaction. This approach often fails to demonstrate a consistent relationship between gene abundance and an ecosystem process rate. One reason this may occur is if a marker gene is not a good representative of a complete pathway. Here, we map the presence of 11 nitrogen (N)-cycling pathways in over 6000 complete bacterial and archaeal genomes using the Integrated Microbial Genomes database. Incomplete N-cycling pathways occurred in 39% of surveyed archaeal and bacterial species revealing a weakness in current marker-gene analyses. Furthermore, we found that most organisms have limited ability to utilize inorganic N in multiple oxidation states. This suggests that inter-organism exchange of inorganic N compounds is common, highlighting the importance of both community composition and spatial structure in determining the extent of recycling versus loss in an ecosystem.
Introduction
The genomic revolution created the tantalizing possibility that the metabolic pathways encoded in microbial genomes can be used to predict processes at the ecosystem and global-scale. The basic rationale is that the abundance and/or genetic diversity of a relevant metabolic pathway(s) in a microbial community reflects the magnitude or state of an ecosystem process. The conventional approach to link a metabolic pathway to an ecosystem process is to measure the abundance of a specific marker gene (or corresponding mRNA) as a proxy for a metabolic function. For example, the nifH gene is often used to infer nitrogen fixation. The marker gene approach often fails to demonstrate a positive relationship between the abundance of a gene of interest and the corresponding ecosystem process rate [1] [2] [3] . Inaccurate inference of a functioning pathway based on marker gene presence may contribute to failure.
While enzymatic reactions can be carried out by one gene, they often rely on a cohort of genes (modules) that function together within a single organism to transform a reactant to a final product. When multiple genes are required for a reaction to occur, there is a potential for some organisms to harbor incomplete metabolic pathways. For example, numerous organisms contain nifH, but lack other genes in the nitrogen fixation pathway and thus cannot perform this function [4] . Furthermore, there are multiple forms of nifH and many have not been tested or verified to be involved in this function [5, 6] . One solution to the problem of incomplete pathways is to use more than one marker gene when assessing the presence of a pathway in an environmental sample [4] . A second solution is to use every gene in a pathway. Summing or averaging the abundance of all relevant genes in a pathway can potentially reduce the impact of false positives [7, 8] . An additional refinement may be to use a type weighted analysis of relevant Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00248-018-1239-4) contains supplementary material, which is available to authorized users.
genes to account for the uncertainty of pathway completeness, especially if the likelihood of false positives varies among genes, pathways, or taxa. This is analogous to the routine approach of providing confidence scores when assigning taxonomy to sequence data [9, 10] . Weighted analysis of pathways requires a priori quantification of the distribution of genes and pathways of interest among many organisms. Although this approach of weighting functional genes has not been implemented, it now may be feasible due to the accumulation of sequenced genomes in public databases.
Microbial nitrogen cycling pathways are of particular interest in ecosystem studies because nitrogen cycling is central to ecosystem performance. The potential for nitrogen (N) cycling in the environment is commonly inferred through marker gene approaches [11] [12] [13] . Microbes are primarily responsible for many of the N compound transformations [14, 15] . N occurs in many oxidation states, and organisms can use N in assimilatory (biomass producing) or dissimilatory (energy producing) processes. Genetic markers for N cycling pathways have been derived from studies of N transformations and genetic regulation in model organisms [16, 17] . New sequencing technologies and advances in isolation techniques have revealed the complexity and horizontal mobility of some N-cycling genes across the phylogenetic tree [18] . While N is found in many oxidation states connected through a number of reactions (N cycle pathways), individual N cycle pathways are most commonly studied in isolation. Indeed, the distribution of multiple N cycle pathways across bacteria and archaea has not been assessed. The increasing number of sequenced genomes and their standardized annotation provide an opportunity to investigate gene presence and abundance across thousands of organisms [19] .
In this study, the distribution of 11 nitrogen metabolism (N-cycling) pathways ( Fig. 1) was quantified among over 6000 complete prokaryotic genomes. Nitrogen metabolism (N-cycling) genes based on KEGG database annotations [20] were obtained from 6384 bacterial and 252 archaeal finished genomes in the Integrated Microbial genomes (IMG) database [21] . The 11 pathways included the seven canonical N-cycling pathways-nitrification, dissimilatory nitrate reduction, denitrification, dissimilatory nitrite reduction, assimilatory nitrate reduction, assimilatory nitrite reduction, and nitrogen fixation (Fig. 1) . Four additional pathways were defined as partial versions of the canonical, multi-step denitrification and nitrification pathways because it is conceivable for an organism to perform only segments of each canonical pathway [22, 23] . For denitrification, partial pathways were classified as partial NO (NO 2 − to NO), partial N 2 O (NO to N 2 O), or partial N 2 (N 2 O to N 2 ) if organisms contained all genes to complete one of the three steps. Furthermore, for nitrification, the ammonium to hydroxylamine reaction was classified as a partial process (NH 4 + to H 2 NOH). Lastly, the nitrate/nitrite conversion step was included as a separate reaction instead of within the complete denitrification or nitrification pathways (Fig. 1) . It is important to note that some of these pathways have reactions that can potentially occur in both directions. Furthermore, although Bpathway^implies a multi-step process, some of the N-cycling pathways are single-step transformations in which an inorganic nitrogen substrate is converted to a product by a multi-domain enzyme, with separate genes encoding the enzymatic domains (e.g., nirBD, nitritereductase small, and large subunits).
For each of the 11 N-cycling pathways, we quantified the percentage of genomes with complete, incomplete, or absent pathways. A pathway was classified as Bcomplete^in a genome if it contained at least one copy of every gene in the pathway (as defined by KEGG N metabolism pathways) [20] . An incomplete pathway could occur if for example, a gene in a pathway was lost or the gene present in the incomplete pathway is used for alternate metabolic functions. Alternatively, a pathway may be incomplete because of a failure to annotate one or more genes (this is a false positive incomplete pathway). We hypothesized that: (1) incomplete versions of multigene N-cycle pathways are common, (2) the likelihood of incomplete N cycle pathways depends on both the pathway and phylogeny, and (3) N cycle pathways will frequently cooccur in organisms, because capture of growth-limiting N in multiple forms is conceptually advantageous. 
Materials and Methods

Nitrogen Cycling Genes in Microbial Genomes
Nitrogen metabolism (N-cycling) genes based on KEGG database annotations [20] were obtained from 6384 bacterial and 252 archaeal finished genomes in the Integrated Microbial genomes (IMG) database [21] in June 2017. While this set of taxa is biased towards commonly studied organisms, it is representative of our current knowledge of microorganisms and a database that is commonly used to annotate genomic data from environmental samples. IMG is highly curated and has been optimized for genome annotation, for example with tools to identify pseudogenes. Metadata including genome size and taxonomy for each genome was also downloaded.
Annotation Quality Check
To assess potential for false negatives (missing genes) in incomplete pathways, we used the IMG chromosome viewer to spot-check a subset of genomes for annotation errors. Specifically, we attempted to find one or more examples for each of the seven canonical N cycle pathways in which a missing pathway gene was actually present in a genome but had not been annotated as an open reading frame. First, we examined the gene neighborhood(s) of complete pathways in model organism genomes to confirm that pathway genes were clustered and that gene arrangement was generally conserved among genomes. Then, we visually inspected the top 15-25 related organism gene regions, confirming conservation of gene organization. Second, we performed the same procedure to examine the gene neighborhood of an organism with an incomplete pathway, again inspecting the top 15-25 related regions. With this procedure, we screened about 5% (320) of the genomes harboring an incomplete pathway. We did not identify any false negatives through this process; however, we acknowledge that false negatives may exist within the more extensive dataset.
Phylogenetic Distribution of N Cycle Pathways
The phylogenetic distribution of potential nitrogen cycling in bacteria and archaea was visualized on a precomputed phylogenetic tree of isolate genomes downloaded from IMG on October 29, 2017. The abundance of ammonia assimilation genes and inorganic nitrogen pathways were plotted on the tree using iTOL v3 [24] . The percentage of genomes with complete, incomplete, or not present pathways was then calculated at the phyla level. Next, we aggregated genomes into phyla, and for any phyla with ≥ 10 genomes, we assessed the relative abundance of each pathway within each phyla.
Co-occurrence of N Pathways
N occurs in many different forms, and thus, organisms can potentially catalyze multiple reactions between N oxidation states. Accordingly, organisms have the potential to vary widely in their metabolic range. We mapped the distribution of multiple N pathway occurrences across the genomes. Pearson's correlations were used to determine which, if any, of the N pathways were commonly found co-occurring within the same organisms.
Data Availability All data used in this study is publicly available through the Integrated Microbial Genomes (IMG) database.
Results
Prevalence of Complete and Incomplete N Cycle Pathways
Our dataset included 6636 genomes representing 2481 unique species. The most abundant complete pathways among genomes were ammonia assimilation, dissimilatory nitrate reduction, dissimilatory nitrite reduction, and denitrification ( Table 1 ). The least abundant pathways were ammonium to hydroxylamine and nitrification (Table 1) , likely due to poor representation in the genome dataset. Many genomes did not contain any inorganic nitrogen cycling pathways (Online Resource, Fig. S1 ). The likelihood of a pathway being incomplete ranged from 0 to 20% and was highest for assimilatory nitrate reduction. Of the species that contained at least one incomplete pathway, this was manifested in three ways as follows: every strain of a species contained the same incomplete pathway (92.2%), only some strains had an incomplete pathway (7%), every strain had an incomplete pathway, but the pathways differed (0.8%). Thus, in almost all cases, every strain of a species contained the same incomplete pathway, suggesting that incompletes are not a result of false negatives.
Comparing across the N cycling pathways, across the surveyed genomes, the 11 individual pathways varied in the likelihood of being incomplete versus complete (Online Resource, Fig. S1 ). When at least one gene within a pathway was present (i.e., excluding non-present pathways, which were most common across genomes), complete pathways were abundantly present in a number of pathways, including dissimilatory nitrate reduction (97%), dissimilatory nitrite reduction (88%), and nitrogen fixation (82%) were often complete. By contrast, incomplete pathways were often identified for assimilatory nitrate reduction (84%) and denitrification (48%). In the denitrification pathway, it was more common for organisms to contain a partial pathway (75%) than the complete pathway (25%).
Phylogenetic Distribution of Complete and Incomplete Pathways
As expected, the ammonia assimilation pathway (including glutamine synthetase, glutamate synthase, glutamate dehydrogenase genes) was nearly ubiquitous (93% of genomes). The species without genes in the ammonia assimilation pathway were predominantly in two genera: Mycoplasma and Chlamydia, known to often live as obligate parasites [25] . The abundance of ammonia assimilation genes within genomes varied, but on average, each genome contained four and a half ammonia assimilation genes (Online Resource, Fig. S2 ). Pseudomonas putida (Gammaproteobacteria) and Clostridium caroxidivorans (Firmicutes) contained the most genes (n = 23) in the ammonia assimilation pathway. In the Actinobacteria phylum, 18 taxa contained greater than 16 genes in this pathway. In soil environments, Actinobacteria abundance has been shown to decline with increasing N deposition [26, 27] . The high abundance of ammonia assimilation genes in these organisms may make them more competitive in low N environments. The number of ammonia assimilation genes was correlated with genome size (R 2 = 0.5, p < 0.001, Online Resource, Fig. S3a) ; however, the number of complete inorganic nitrogen cycling pathways was highest in organisms with intermediate genome sizes (Online Resource, Fig. S3b) .
In contrast to the common ammonia assimilation pathway, other inorganic nitrogen cycling pathways were completely absent in approximately one third (36%) of the genomes surveyed (Fig. 3, Online resource, Fig. S1, Fig. S4 ). The nitrogen cycling pathways that were present were broadly distributed across the phylogenetic tree (Fig. 3, Online Resource,  Fig. S4 ). The percentage of genomes with absent or incomplete pathways varied among phyla (Fig. 3) . The denitrification pathway was absent or incomplete in the Actinobacteria, Cyanobacteria, Firmicutes, Planctomycetes, and Chrenarchaeota. In contrast, the pathway was mostly complete in Alphaproteobacteria (91%, n = 102 genomes total). The dissimilatory nitrite reduction pathway was absent or incomplete in all Archaea, Chloroflexi, and Fusobacteria. In contrast, when dissimilatory nitrite reduction genes were present in Proteobacteria, the pathway was complete 87% (n = 1991) of the time. Nitrogen fixation was more often incomplete than complete in two phyla, Fusobacteria (36% incomplete: 4% complete) and Aquificiae (13% incomplete: 7% complete).
Co-Occurrence of N Pathways
Of the organisms that contained at least one N cycle pathway, 79% of genomes had the genetic machinery for one or two N cycling pathways (excluding ammonia assimilation which is common to most organisms), while the remaining 21% of genomes had the potential to transform N through three or more N pathways (Fig. 4) . Furthermore, only two pathways, dissimilatory nitrate reduction and dissimilatory nitrite reduction, were correlated within genomes (R 2 = 0.6, p < 0.001). Assimilatory nitrite reduction and nitrogen fixation, the two pathways (other than ammonia assimilation) that lead to the integration of inorganic N into biomass, occurred in only 13% of genomes. Assimilatory nitrite reduction was more commonly found alone (51% of the time) or coupled with dissimilatory nitrate reduction (33% of the time), than with assimilatory nitrate reduction (16% of the time).
Taxa with the most inorganic nitrogen cycling pathways present were predominantly in the Rhizobiales order. Out of the 11 complete and partial pathways, only two organisms had six pathways present including Bradyrhizobium icense (Rhizobiales) and Methylocella silvestris (Rhizobiales). Moving to a broader level of phylogenetic classification, the number of complete pathways in each phylum varied from zero (Chlamydiae, Tenericutes, or Thermotogae) to 11 pathways (Gammaproteobacteria). The relative abundance of each pathway also differed among phylum (Fig. 5) . For example, the Gammaproteobacteria had 11 pathways, but the dissimilatory nitrate reduction and dissimilatory nitrite reduction pathways were the most common (> 90%). In contrast, Deinococcus-Thermus had five pathways with a more even distribution.
Additionally, a number of organisms contained multiple copies of a single pathway (Online Resource, Fig. S4 , Table S1 ). The N fixation pathway had the largest variation in copy number, ranging from 0 to 8, and showed substantial variation within genera. In particular, strains of Rhodopseudomonas palustris (n = 7), Clostridium (n = 68), Paenibacillus (n = 43), and Methanosarcina (n = 23) contained a wide range of copies of the N fixation pathway (1-8, 0-8, 0-7, and 0-6, respectively). 
Discussion
Attempts to link microbial communities to biogeochemical processes often use marker genes to represent relevant biochemical pathways. Our large-scale comparative genomic analysis of 11 bacterial and archaeal N-cycling pathways suggests that these approaches may not be robust, because the 11 pathways are often incomplete in microbial genomes (Figs. 2 and 3). We found incomplete N-cycling pathways in~39% of 2481 species surveyed, consistent with our hypothesis that substantial false positives can occur when the presence of a single gene is interpreted as a fully functional pathway. This is likely a conservative estimate because our analysis did not include regulatory genes or other auxiliary genes that may be required for the expression and effective integration of a pathway into cellular metabolism. The prevalence of incomplete pathways in sequenced genomes varied among individual N cycle pathways, consistent with our second hypothesis (Figs. 2 and 3) . At one end of the spectrum, the nitrification pathway (conversion of NH 4 to H 2 NOH to NO 2 − ) was complete in all organisms surveyed. Nitrification occurs in few organisms and is phylogenetically constricted, suggesting lack of horizontal gene transfer. In contrast, all other multi-gene N pathways contained some incomplete pathways. In particular, assimilatory nitrate reduction (20%), dissimilatory nitrite reduction (7%), and denitrification (4%). A number of factors could drive differences in the occurrence of incomplete pathways. Pathways that have a greater number of genes or non-clustered genes (weak genetic linkage) may be more likely to be incomplete [28, 29] . For example, the assimilatory nitrate reduction pathway genes are non-clustered in some organisms [30] . An incomplete assimilatory nitrate reduction pathway was found in 1339 of 6384 genomes. Another factor that may lead to incomplete pathways is gene recruitment for alternate metabolic functions [31] . Incomplete denitrification may represent this phenomenon. For denitrification, incomplete pathways were driven primarily by the absence of a gene in the cytochrome bc complex (NorBC). Two types of bacterial nitric oxide reductases have been characterized (cNOR) and (qNOR). The latter lacks cytochrome c and is hypothesized to be used primarily for detoxification (an alternate function), not denitrification [32, 33] .
The prevalence of individual pathways also varied among phyla (Fig. 3) . For example, the denitrification pathway was absent or was incomplete in a number of phyla, including Actinobacteria and Chrenarchaeota, but was predominantly complete in Alphaproteobacteria. This type of finding could be routinely applied in microbial ecology/environmental genomics to improve taxonomy-to-function prediction tools. For instance, community taxonomic profiles based on 16S rRNA sequence data are the most common type of microbial community data generated, and profiles exist for more than 25,000 community samples collected globally [34] . Taxonomic profiles can be used to infer the functional architecture of a community if the probabilities of metabolic pathways being present in phylogenetic groups are known. Inference tools like PICRUST [35] and Tax4Fun [36] ) map 16S rRNA gene profiles from environmental samples to the most closely related sequenced genomes to infer function. A recent comparison of inferred (PICRUST) versus observed (metagenomic functional sequence counts) functions in soil samples showed vastly different estimates of the abundance of N cycle process genes [37] . Such discrepancies may arise if N cycle gene presence in a reference genome does not accurately represent organisms in an environmental sample. In such cases, interpretation of environmental sequence data could be strengthened by weighting a functional inference based on the potential for false positive as a function of gene identity and taxonomic/ phylogenetic origin. For example, if currently a study relies on functional gene abundance as an indicator of the magnitude of a process, a weighted analysis could either reduce the observed abundance or amplify the error estimate associated with the abundance to reflect the uncertainty.
Although incomplete or absent pathways may often indicate absence of a metabolic function, it is possible that the function exists but is encoded by novel, unidentified genes. Absence of function is the most likely explanation for Mycoplasma (Tenericutes), which contained neither inorganic N pathways, nor ammonia assimilation genes. Mycoplasma, often a parasitic organism, has a greatly reduced genome, and is known for its loss of genes coding for ammonia assimilation [25] . However, an incomplete or absent pathway may indicate gaps in our knowledge of the genes involved in N cycle pathways, as indicated by ongoing discoveries of new N cycle pathways and genes [38] [39] [40] . Based on the phylogenetic prevalence of incomplete pathways identified in this study, we propose a BMost Wanted^list (Table 2) , providing a starting point to explore the possible existence of cryptic pathways and to test the impact of weighted pathway analyses.
The diversity of complete N cycling pathways within individual organisms provides insight into the likelihood for interorganism transfer of inorganic nitrogen compounds. At one extreme, every N cycle pathway could conceivably occur in an organism, enabling the organism to exploit and sequester any available form of inorganic nitrogen for production of biomass or energy. At the other extreme, a single pathway can occur in an organism, providing limited access to inorganic nitrogen and increasingly the likelihood of shuttling nitrogenous compounds among organisms. Contrary to our third hypothesis, we found that co-occurrence of different N cycle pathways in individual organisms was infrequent; instead, limited access to inorganic nitrogen appears typical. Most organisms that use inorganic N were specialists, harboring only one or two pathways (Fig. 4) . Furthermore, the decoupling of modular pathways-that is pathways with more than one enzymatic step-was common (Figs. 2 and 5 ). For denitrification, 75% of the organisms contained only a partial pathway (i.e., only one step was present in the transformation of NO 2 − to NO to N 2 O to N 2 ), rather than the whole pathway (NO 2 − to N 2 ) ( Table 1) . These data suggest extensive shuttling of inorganic N among organisms that use the compounds predominantly for energy production, which creates the possibility for a leaky N cycle in Thermotogae (29) Chlorobi (14) Fusobacteria ( This suggests a direct link between N loss and ecosystem stability. Disturbances that disrupt spatial structure likely enhance N losses from an ecosystem [41, 42] . Inter-organism transfers of metabolic products may be a general phenomenon in microbial communities, not limited to the N cycle. A study of subsurface microbial communities found that few microorganisms were capable of conducting three or more sequential redox transformations [43] . Other studies have used species co-occurrence patterns and modeling approaches to highlight cooperative metabolic interactions in microbial communities [44, 45] . These observations are consistent with our comparative genomic study. There are few organisms that can single-handedly process N in multiple oxidation states; thus, use of N in multiple oxidation states requires transfers away from organisms. The independent lines of evidence, evidence from this study and others mentioned above, suggest that metabolic Bspecialism^in microbial communities is common.
Sequenced genomes have the potential both to improve interpretation of complex environmental sequence data [19, 21, 46] and to provide fundamental insights into the organization and evolution of biological systems [47, 48] . Here, using a largescale multi-pathway comparative genomic analysis, we demonstrate the potential for incomplete pathways to distort traditional marker-gene approaches to quantify N-cycling potential. Furthermore, the preponderance of genomes without any inorganic N cycle genes highlights possible targets for discovery of cryptic genes and pathways. The concentration of organic N often exceeds that of inorganic N in environments such as soils [49, 50] . However, when studying N in ecosystems, measurement techniques rely on inorganic N processes, largely due to the lack of tools for assessing organic N transformations [51] . Omics studies offer one promising approach to focus on the interactions between the inorganic and organic N cycle, and the coupling of N and C cycles. Successful application will require further work in defining and categorizing genes involved in organic N transformations. Overall, given that N cycling can profoundly impact ecosystem behavior and meta-omics techniques are increasingly being used to measure N transformations, accurate assessment of N-cycling potential is critical.
